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In this study, a series of mechanically interlocked molecules like 
polypseudorotaxanes, rotaxanes and pseudorotaxanes have been synthesized via CB6 
catalyzed 1,3-dipolar cycloaddition using diazide and dialkyne monomers, which 
contain long dodecyl and short propyl aliphatic spacers.  
 
To reach these novel interlocked molecules, first appropriate monomeric units were 
designed and synthesized. These monomeric units were diazido and dialkyne 
functionalized, propyl and dodecyl spacers containing, diamine salts. These 
monomers were fully characterized by spectroscopic techniques like 1H, 13C-NMR 
and FT-IR and elemental analysis. 
 
After the preparation of the monomers, polypseudorotaxanes were synthesized via 
CB6 catalyzed 1,3-dipolar cycloaddition. The polymer formation proceeded through 
step-growth polymerization in the presence of CB6. The reaction was followed by 
1H-NMR spectroscopy easily, because the appearance of a diagnostic peak at 6.5 
ppm indicated the formation of triazole ring, which joins the monomers.  
The polypseudorotaxane was also characterized by spectroscopic techniques like 1H, 
13C-NMR and FT-IR and matrix assisted laser desorption time-of-flight mass 
spectrometry (MALDI-TOF MS). It produced a maximum mass at around 15600 Da 
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which corresponds to about six repeating units that is basically 12 CB6s threaded 
triazoles. The experimental results reveal that this polypseudorotaxane behaves as a 
pH-driven polymeric switch. Thus, when amine groups are protonated at an 
appropriate pH, CB6s are located on the triazole rings due to ion–dipole interaction, 
whereas at high pH they move onto the hydrophobic aliphatic spacer rather than 
slipping off the polypseudorotaxane. 
After the synthesis of the polypseudorotaxanes, a series of rotaxanes and 
pseudorotaxanes have also been synthesized using the already prepared dialkyne and 
diazide monomers. Rotaxanation was also carried out via a 1, 3-dipolar cycloaddition 
reaction catalyzed by CB6. Among them, a bistable CB6-based [3]rotaxane 
synthesized through CB6 catalyzed 1,3-dipolar cycloaddition contains two 
recognition sites and behaves as a reversible molecular switch. It exhibits 
conformational changes caused by the movement of rings under base, acid and heat 
stimuli from one location to the other. 
Keywords: Polyrotaxanes, rotaxanes, polypseudorotaxanes, pseudorotaxanes, 
cucurbit[6]uril, 1,3-Dipolar cycloaddition, n-alkanediammonium salts, diazido, 
dialkyne. 
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Bu çalışmada, bir seri psödorotaksan, rotaksan ve polipsödorotaksan gibi mekaniksel 
olarak birbiri içine geçmiş moleküller, uzun 12 metilen ve kısa 3 metilen alifatik 
aralık içeren çift azido ve çift alkin monomerlerinin kendi aralarında CB6’in 
katalizlediği 1,3-dipolar siklo katılması yoluyla sentezlenmiştir.  
 
Bu yeni tip mekaniksel olarak birbiri içine geçmiş moleküllere ulaşmak amacıyla, ilk 
önce uygun monomer uniteleri tasarlanmış ve sentezlenmiştir. Bu monomerler çift 
azide ve çift alkin grupları ile fonksiyonellenmiş, 3 ve 12 metilen aralık bulunduran 
çiftamin tuzlarıdır. Bu monomerlerin yapıları 1H, 13C-NMR, kütle ve FT-IR gibi 
spektroskopik tekniklerle ve elemental analiz ile karakterize edilmiştir. 
 
Monomerlerin hazırlanmasında sonra, polipsödorotaksanlar CB6’in katalizlediği 1,3-
dipolar siklo eklenme yolu ile sentezlenmiştir. CB6 varlığında monomerler arasında 
adım adım büyüme polimerizasyon tekniği uygulanmıştır. Ürünün proton NMR 
spektrumunda, 6.5 ppm de kapsüle olmuş triazol proton sinyalinin görülmesi, 
uygulanan reaksiyonun başarıyla gerçekleştirildiği ve polipsödorotaksanın 
oluştuğunu göstermiştir. Ayrıca integrasyon değelerinden herbir monomere karşılık 
molekülde bir CB6 olduğu gözlemlenmiştir.  
Üretilen polipsödorotaksan aynı zamanda matriks destekli lazer dezorpsiyon-
iyonizasyon-uçuş zamanlı kütle spektrometresi kullanılarak incelenmiş ve en yüksek 
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kütle 15600 Da olarak gözlemlenmiştir. Bu kütle temelde 12 CB6 bağlı yaklaşık 6 
tekrar eden uniteden oluşan polimer yığınına tekabül etmektedir. 
 
Polipsödorotaksanların sentezlenmesinden sonra, rotaksanların ve psödorotaksanların 
yeni hazırlanmış çift alkin ve çift azido monomerleriyle yine CB6’in katalizlediği 
1,3-Dipolar siklo eklenme reaksiyonu ile sentezlemesine geçilmiştir. Rotaksan 
sentezi için tert-butil içeren durducu unite kullanılmıştır. Sonuç olarak [3]rotaksan ve 
[3]psödorotaksan sentezlenmiş ve 1H-NMR, FT-IR ve matriks destekli lazer 
dezorpsiyon-iyonizasyon-uçuş zamanlı kütle gibi spektroskopik tekniklerle ve 
elemental analiz ile karakterize edilmiştir. 
 
Özellikle, CB6- tabanlı iki durumda kararlı [3]rotaksan, CB6’in katalizlediği 1,3-
dipolar siklo katılma reaksiyonuyla yüksek verimli olarak üretilmiştir. Ek olarak bu 
yeni nesil molekülde iki tanıma konumu bulunmakta ve tersinir moleküler kilit 
mekanizması gibi davranabilmektedir. Ayrıca baz, asid ve ısı koşullarında 
değişikliğe göre kendi içinde konformasyonal değişimler göstermektedir. 
Anahtar Kelimeler: Rotaksanlar, polipsödorotaksanlar, psödorotaksanlar, 
kukurbit[6]yuril(CB6), 1,3-Dipolar siklo katılma, n-alkandiamonyum tuzları, 
çiftazido, çiftalkin. 
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CHAPTER 1 
 
INTRODUCTION 
 
It had been a long journey to reach interlocked molecules for supramolecular 
chemists. These interlocked molecules are proven to be very useful in many 
applications like solubilization of polymers1-3, drug delivery4, polymer development 
(viscosity, thermal stability etc.) techniques5,6, network formation7 and enhancements 
on electrochemical properties8. Furthermore that many of the current processes, 
involving developments over the applicative physical properties of the parent 
polymer9, have broadened the scope of the synthesis and analysis of these interlocked 
molecules.  
Synthesis of these interlocked molecules directly relates with the efficiency of 
rotaxanation of the two important parts, these parts are called cyclic unit and the 
axle. As the synthesis of interlocked molecules depend on the structural 
rearrangements between the cyclic unit and the axle10, any irregularity in between 
may defect the formation of stable rotaxanated molecules (rotaxanes, polyrotaxanes, 
etc). Although it seems to be a challenging work to thread cyclic unit over an axle or 
a polymer chain, scientist has proven many efficient threading mechanisms.  
The stability of the rotaxanated systems depends on the strength of the 
intermolecular interaction in between cyclic unit and axle. This intermolecular 
interaction may be ion-dipole interaction or basic van der Waals type of interaction. 
As a result of absence of strong covalent interactions in between11, less strong ion-
dipole or van der Waals interaction hold cyclic unit over the axle. This kind of 
tunable interactions is considered to enable the regulation of movement of the cyclic 
unit along the axle. Since breaking and reassembling ion-dipole forces or van der 
Waals forces is easier than breaking or reassembling a covalent bond. 
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1.1 General Considerations 
Studies on the rotaxanation of molecules have introduced many new terms like 
polyrotaxanes, rotaxanes, pseudopolyrotaxanes and pseudorotaxanes to the 
nomenclauture.14 These terms are referring to the structural features of the 
interlocked molecules. These features differ from each other in the means of having 
stopper units or absence of stopper units at each end of the axle.  
Before defining interlocked molecule types, it is better to clarify the main elements 
that synthesize an interlocked molecule. These elements are axle, cyclic unit and 
stopper unit. The first main element is the axle. An axle may be repeated alkyl chains 
or appropriate groups that may reside in the cavity of the cyclic unit. In a synthesis of 
an interlocked compound proper axle units should be specified first according to 
cyclic unit.  
The second element of an interlocked molecule is the cyclic unit. Cyclic units are 
macrocyclic compounds and may be produced from direct cyclization of repeating 
molecules within themselves. These materials have unique chemical, physical 
properties and also specific to the axle being used. The reason being restricted to 
have strong non-covalent interaction between cyclic unit and axle  
Having unique chemical and physical properties, cyclic units are capable of 
completely changing the physical and chemical behavior of the axle material which 
they are added on. There are already many kinds of these cyclic units synthesized, 
but most commonly used ones are cyclodextrins, cucurbiturils, crown ethers and 
cyclophanes.  
The last one of the elements is the stopper unit. The stopper units are known as 
molecular groups that prevent the complete dethreading of the cyclic unit from the 
axle, when a regulation type that consists of change in temperature, pH and ionicity 
is performed. In the presence of a stopper unit complete dethreading of the cyclic 
unit is completely restricted.  
 A stopper unit should be specified according to the cavity size of cyclic unit. 
Structural dimensions of a stopper unit has  to be larger than the cavity size of the 
cyclic unit, to prevent complete dethreading of cyclic unit. Stopper unit usage is 
optional, since in many interlocked compound structures, like pseudorotaxanes and 
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polypseudorotaxanes, a stopper unit is not necessary. Because the axle and cyclic 
unit already have strong intermolecular interactions between eachother, so 
dethreading is prevented 
As a principle, the interlocked compounds are called according to presence or 
absence of stopper units. This principle introduces: If there are stopper units at the 
ends of the axle, that already contain cyclic unit surrounding it, then this interlocked 
molecule is called “[n]rotaxane”. The small letter “n” shows the sum of the number 
of axles and cyclic units. So that n is bigger or equal to 2, since every rotaxane has to 
be make up of at least one axle and one cyclic unit14.  
The term polyrotaxane relates to the polymeric material composed of cyclic units and 
axles those are well-aligned between each other. As shown on the figure 1.1 below; 
polyrotaxanes are composed of many rotaxanes aligned in order and at each end of 
the polymer chain is again locked by proper stopper units. 
 
n
Main Chain Polyrotaxane
Rotaxane
 
Fig. 1.1- Representations of Main Chain Polyrotaxane and Rotaxane  
 
If there are no stopper units at the each end of the axle that contains cyclic unit, than 
this interlocked molecule is called pseudorotaxane. And similar to polyrotaxanes, the 
repeating pseudorotaxane units are called as pseudopolyrotaxanes. (Fig. 1.2) The 
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necessary point to obtain these types of materials is directly related to obtain strong 
interactions between the axle and cyclic unit. Lack of strong intermolecular 
interactions in between, may lead complete dethreading of the cyclic unit. 
 
n
Main Chain Polypseudorotaxane
Pseudorotaxane
 
Fig. 1.2- Representations of Main Chain Polypseudorotaxane and Pseudorotaxane 
 
In the case of rotaxanes and pseudorotaxanes, if there are n number of cyclic units 
over the axle present than this unit is called as (n+1)-Rotaxane or (n+1)-
Pseudorotaxane. For instance the rotaxane and the pseudorotaxane shown in figure 2 
above may be called as 2-Rotaxane and 2-Pseudorotaxane.  
 
1.2 Interlocked Compounds Incorporating Common Cyclic Units  
Various cyclic units are designed and synthesized. These materials are composed of 
repeating units that complete a cycle and they have cavities which can be considered 
as interesting accessible regions. Good examples of these kinds of materials are 
cyclodextrins, cucurbituril homologues and crown ethers. 
 
1.2.1 Interlocked Compounds Incorporating Cyclodextrins 
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Cyclodextrins make up a family of cyclic oligosaccharides; their structures are 
shown on scheme 1.1 below. These molecules are used for rotaxanation of 
appropriate axle molecules and there are many examples of interlocked compounds 
incorporating cyclodextrins. These include channel interlocked compounds, 
interlocked of amphipiles and Bola-Amphiphiles, rotaxanes and polyrotaxanes.16 The 
formation of these materials strongly depends on the threading mechanism of 
cyclodextrin over various axles. Cyclodextrin structure is composed of linked cyclic 
oligomers of anhydroglucopyranose.17  
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Scheme 1.1- Structures of Alpha-Beta-Gamma Cyclodextrins(CD) 
 
The host-guest relations of cyclodextrins are composed of hydrophobic interactions 
in the inner region and van der Waals interactions17. The cavity dimensions of 
cyclodextrin homologues vary between 4.4 Ả to 7.4 Ả and have cross sectional areas 
from 15 Ả2 to 43 Ả2.18  
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It was reported that crystalline interlocked complexes of CDs with some polyether 
and with poly(1,3-dioxolane)18. Elsewhere a new class of polyether-based 
semipolyroxatanes is reported19, multiarm interlocked complexes with 
hyperbranched cores, and the interlocked complexation and supramolecular self-
assembly processes are thoroughly discussed. 
 
In a recent study it is found that CD encapsulated dye precursor is far more resistant 
to quenching of metals.  This dye is an acetylene dye rotaxane with R-CD and its free 
analogue. The free dye with four carboxylic acids is highly sensitive to various metal 
ions.  As CD encapsulation protects and stabilizes the threaded chromophore against 
outside quencher ions, metal insensitive biological tags are an obvious application 
for this class of molecules.27 
 
 
1.2.2 Interlocked Compounds Incorporating Crown Ethers 
Crown ethers are macromonocyclic polyethers. Their structures are shown on 
scheme 1.2 below. They have been widely studied as hosts for organic salts, such as 
secondary ammonium salts20 and paraquat derivatives.21  
 
O
O O
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O
O
OO
 
                                        12-crown-4                        15-crown-5        
      Scheme 1.2- Crown Ethers 
 
In the past fifteen years Gibson et. al. was active in the preparation of main chain 
polyrotaxanes incorporating crown ethers. They have utilized crown ethers to 
synthesize a variety of polypseudorotaxanes and polyrotaxanes. 22, 23  They designed 
a route to prepare main chain polypseudorotaxanes. (Scheme 1.3) The polyester 
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polypseudorotaxane was prepared by reacting bis(5-hydroxymethyl-1,3-phenylene)-
32-crown-10 with sebacoyl chloride.23 
 
Scheme 1.3- Route to prepare main chain polypseudorotaxanes with Crown Ethers23 
 
1.2.3 Interlocked Compounds Incorporating Cyclophanes 
A cyclophane is a hydrocarbon consisting of an aromatic unit and an aliphatic chain 
that forms a bridge between two non-adjacent positions of the aromatic ring. 
(Scheme 1.4) Cyclophanes are well studied in supramolecular chemistry. Presence of 
aromatic groups in cyclophanes makes use of ∏-∏ interactions in building up of new 
rotaxanated molecules.  
n(H2C) (CH2)n
(CH2)n
(CH2)n
I II III
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Scheme 1.4- [n]metacyclophanes (I), [n]paracyclophanes (II), [n,n']cyclophanes (III) 
 
Owen and Hodge
28 
synthesized series of polypseudorotaxanes (Fig. 1.3) by using 
tetracationic cyclophane cyclobis (paraquat-phenylene) as the cyclic component. 
These polymeric materials have high m/n values and have a unic ∏-∏ stacking and 
charge transfer interactions.  
 
Fig. 1.3- Polypseudorotaxanes with Cyclophanes28 
 
1.3 Properties of CB6 and Interlocked Compounds Incorporating CB6 
Cucurbit[6]uril and its homologues are macrocyclic compounds those comprised 
from repeated number of glycoluril units. The reaction for the production of 
cucurbituril homologues is direct acid condensation of glycoluril and formaldehyde. 
Cucurbituril homologues have cavity dimensions according to repeating glycoluril 
units, and their interior region is hydrophobic whereas the outer region is 
hydrophilic.29  
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Scheme 1.5- Structure of CB6 
 
 
Cucurbiturils (CBs) are potentially known to be one of the host molecules such as 
crown ethers, cyclodextrins (CDs), and cyclophanes, but their practical applications 
have been limited mainly due to their poor solubility in common solvents, and 
difficulty in introducing functional groups on their surfaces.30,31 Although it has poor 
solubility in common solvents, it is soluble in acidic aqueous solvents.  
 
CB6 is synthesized through acid condensation of glycoluril and formaldehyde. But 
there are some thermodynamic factors that manipulate the production of other 
homologues than CB6. Some extra fractional recrystallization and dissolution 
techniques are necessary to obtain extra pure CB6. The reaction scheme for the 
synthesis of CB6 is shown in scheme below.32 
NH NH
NH NH
O
O
N N
N N
O
O
6
O
Acid/Heat
 
                                Scheme 1.6- Synthesis of CB6 
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Although it seems as a straightforward reaction, this reaction does not allow purely 
production of pure CB6. Unless the reaction standards like acid concentration and 
temperature are tuned up to appropriate values, the reaction products may involve 
other cucurbituril homologues like CB5, 7 and 8. But in all cases, since the 
thermodynamically stable product and more symmetric product is CB6, as it is also 
the dominant product. This situation is supported by the finding that at high 
temperatures like 1100C the yield of CB6 increases, and at lower values like 75-900C 
other products are observed.54 (Fig 1.4) Another important point for the synthesis is 
the concentration of the acid used for catalysis, since using strong acid at high 
concentration will also increase the CB6 yield.  
 
Fig. 1.4- CB Homologues34 
 
There are several investigations by the CB homologues; in a recent study of 
Sindelar34, pH controlled pseudorotaxanes were synthesized using CB7. In this study 
a molecular shuttle is designed and it is reported that it is possible to switch the 
molecular shuttle on and of, by control over pH. The movement was followed by 
using 1H-NMR spectra obtained at different pH values. 
 
1.3.1 Physical and Structural Properties of CB6 
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The solubility of CB6 unit is the key point for the synthesis of advanced interlocked 
materials. As a cyclic unit, CB6 is very well soluble in aqueous acid solutions (eg. 
6N HCl) and salt solutions like sodium sulfate or sodium chloride. The solubility of 
CB6 in acid solutions enables CB6 to be threaded onto the appropriate water soluble 
guest molecules.       
To decide on the appropriate axle unit suitable for CB6, one should specify the 
dimensions of this cyclic unit. From the study of the Kim, the structural organization 
of 6 glycoluril units with formaldehyde that forms a symmetric CB6 unit is very well 
understood. Fig.1.5 below shows dimensions of CB6.33  
 
        Fig. 1.5- CB6 Structure  
 
From the Fig1.5, the organization of glycoluril units give a well-defined cavity 
dimensions and these dimensions are described as; the outer diameter is 14.4 Ả and 
inner cavity is 5.8 Ả and outer cavity is 3.9 Ả, the height of the CB6 unit is 9.1 Ả 
which is the same for other cucurbituril homologues, and these values are obtained 
from X-Ray crystallographic studies.33 (Fig 1.6) 
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Fig. 1.6- CB6 Dimension Lengths derived from X-Ray Crystallographic Techniques 
 
1.3.2 Host-Guest Relations 
The synthesis of a stable interlocked molecule requires a well organized host-guest 
relation between the cyclic unit and the axle. Then one needs strong interactions 
other than covalent interactions. CB6 units are very rigid to provide this kind of 
interactions and stable, as also having polar outer carbonyl ports are capable of 
formation of ion-dipole interactions. These ports are behaving as an electron-rich 
group, and the electrons surrounding the carbonyl port provide negative dipole 
moment. Having this negative dipole moment, one may choose an electron deficient 
guest molecule that is suitable for performing the required ion-dipole interaction.   
In figure 1.7, a variety of proper guest molecules that may reside in the appropriate 
CBn homologues are shown. Guest molecule size increases with increasing n. For 
instance CB5 is capable of binding to the smaller cations both metallic and organic 
ones. In the case of CB6 other than n-alkaneammonium ions, it can also bind to THF 
(tetrahyrofuran) and benzene molecules. CB7 and CB8 are also having suitable 
cavities for bigger molecules shown below. 33 (Fig. 1.7)   
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Fig. 1.7-Host-Guest Relations of CB Homologues33 
 
CB6 has also a hydrophobic cavity at the interior region, this helps the formation of 
hydrophobic interactions with guest units, but these guest molecules should be 
hydrophobic enough to stay in the cavity by hydrophobic interactions. Specific to 
CB6, its host-guest relations with n-alkaneammonium ions is different from the 
others. It is capable of using its hydrophobic cavity to hold the methylene units of the 
n-alkaneammonium ions in the interior and it also uses its carbonyl portals to interact 
with n-alkaneammonium ions via ion-dipole interactions between protonated amine 
parts. 
 
1.3.3 CB6 Complexation with n-Alkanediamine Salts 
CB6 coordination strength with n-alkaneammonium ions is altered via ion-dipole 
interactions at the carbonyl portals and hydrophobic interactions inside the cavity. In 
a study by Mock this situation is described as “successful interlocked is attributable 
to hydrophobic interactions (freeing of solvent molecules upon complexation) and to 
a charge-dipole attraction between ammonium cations and the electronegative 
oxygens of the urea moieties in cucurbituril.”35 Mock compared the binding strength 
of n-alkaneammonium ions with n-alkane diammonium ions towards CB6, to show 
the presence of a second recognition site for formation of second strong ion-dipole 
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interaction with carbonyl portals of CB6 was increased the binding strength. (Fig. 
1.8) 
 
 
Fig. 1.8- Dependence of strength of binding to 1 upon chain length for n-
alkylammonium ions (0-0) and n-alkanediammonium ions (A-- -A), Vertical axis 
proportional to free energy of binding (log Kd).35 
 
Although it looks like rather CB6 may bind to n-alkanediamino in most cases, the 
strength of binding decreases if n becomes larger than 7. This is because when n 
increases, CB6 cannot bind to protonated amine parts strongly which decreases 
binding strength so the binding behaviour will rather like n-alkaneamino case.35-37 
Again in the same work by Mock, the region of n-alkanediammonium salts under 
shielding effect of CB6 by using H-NMR spectra.(Fig 1.9)  
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 H2N -H2C - CH2 - CH2 - NH2
  (Not bound internally)
       H2N - H2C - CH2 - CH2 - CH2 - NH2
        (+ 0.83)(+1.08)(+1.08)(+0.83)       
       H2N - H2C - CH2 - CH2 - CH2 - CH2 - NH2
       (+0.44)(+1.00)(+1.00)(+1.00)(+0.44)       
       H2N - H2C - CH2 - CH2 - CH2 - CH2 - CH2 - NH2
          (+0.04)(+1.01)(+0.83)(+0.83)(+1.01)(+0.04)       
       H2N - H2C - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 - NH2
         (+0.08)(+0.49)(+0.87)(+0.87)(+0.87)(+0.49)(+0.08)       
       H2N - H2C - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 - CH2 - NH2
         (+0.07)(+0.25)(+0.50)(+0.73)(+0.73)(+0.50)(+0.25)(+0.07)
Shielding Region
 
Fig. 1.9 1HNMR induced shifts (ppm) of methylene groups of 
alkanediammonium ions upon complexation with CB6 (D20-HCOzH solution).35 
 
 
The n number of elements of the alkane chains that reside in the CB6, have their 1H-
NMR signal are shifted to downfield. This situation is also a strong evidence for the 
rotaxanation of the axle. It also shows where CB6 replaced over axle elements by 
looking the downfield shifts by shielding effect of CB6.   
 
 
1.3.4 CB6 as a catalyst of 1,3-dipolar cycloaddition reaction 
There is another unique property of CB6 that seperates it from other cyclic units like 
cyclodextrins and cyclophanes and other CB homologues. This property is its ability 
to catalyze 1,3-dipolar cycloaddition reactions. The acceleration of 1,3-dipolar 
cycloaddition reaction by 105 fold is due to the catalytic behavior of CB6.  
 
1,3-Dipolar cycloaddition can still occur between alkyne and azide groups in the 
absence of CB6 but the reaction required to be heated. The figure below shows the 
azide and alkyne units kept in the cavity and finally catalysis of 1,3-dipolar 
cycloaddition reaction in the cavity.36-37-a (Fig. 1.10) 
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Fig. 1.10- Conjectured cross-sectional representation of intermediate 
cycloaddition complexes: 1-substrates and 1-product (R = H or t-Bu).37-a 
 
In a study by Tuncel,13 the synthesis of a perfect mainchain pseudopolyrotaxane is 
given as CB6 is catalyzed the 1,3-dipolar cycloaddition reaction through the binding 
of carefully designed diazide (monomer A) and dialkyne (monomer B) diamine 
salts.(Scheme 1.7)  
 
 
Scheme 1.7- Preparation of Monomer A and B13 
 
This catalytic binding can be described in a way that for each monomer unit, 2 CB6 
units are required to carry on the reaction. (Scheme 1.8) 
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Scheme 1.8- Preparation of perfect chain Pseudopolyrotaxane through 1,3-
dipolar cycloaddition13 
 
 
1.3.5. Cu(I) catalyzed 1,3-Dipolar cycloaddition reaction (Click reaction) 
There is another way to catalyze the 1,3-Dipolar cycloaddition reaction. In the 
presence of Cu(I), the cycloaddition reaction between terminal alkyne and azide 
accelerated by organometallic catalysis. This catalytic reaction is also called Cu(I) 
catalyzed click reaction.53 Especially for the polymerized materials carried out by 
Cu(I) catalyzed click reaction, have various disadvantages, including solubility 
problems and difficulties in recrystallization processes due to presence Cu(I) traces. 
These Cu(I) traces are hard to remove from the batch and requires extra 
recrystallization techniques. 
Vsevolod et.al. had suggested a mechanistic proposal for the Cu(I) catalyzed click 
reaction. According to their proposal first copper(I) acetylide formed, then comes the 
ligating part with an annealing sequence of B-1, B-2 and B-3, a six membered 
copper-containing intermediate III was formed. This intermediate later finalized the 
click reaction after the removal of Cu from the IV state.53 
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Scheme 1.9 Proposed catalytic cycle for the Cu(I)-catalyzed ligation.53 
 
Difficulties discussed above are not seen in the CB6 catalyzed 1,3-Dipolar 
cycloaddition reaction. The products obtained from CB6 catalyzed 1,3-Dipolar 
cycloaddition are usually soluble in water adding that, the recystallization steps are 
easier to perform and consequently giving promising products yields with high 
purity.    
 
1.3.6 Molecular Switching Experiments based on CB6 
In the case of rotaxanated molecules a cyclic unit like CB6 is capable of moving 
mechanically on the axle from one recognition site to the other. This kind of 
mechanical motion is also called switching from one recognition site to another. In 
this kind of processes, specifying the direction of the movement is important to 
define a molecular switching. (Fig.1.11) 
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           Fig.1.11- Diamine Protonation and Deprotonation and CB6 movement 
 
The first switching experiment with CB6 was accomplished by Mock and his 
coworkers. The movements of CB6 on threaded protonated three amine ligands were 
investigated in pH driven experiments. They found that when pH is smaller than 6.7, 
CB6 is located on the hexanedamine portion, but while pH is bigger than 6.7, CB6 
moves to butanediamine portion. (Scheme 1.9) This finding also implies that CB6 
often prefers to stay on the protonated diamine units and secondly that the length of 
the aliphatic spacer is also important for CB6 to stay on.37-b 
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Scheme 1.10- pH responsive CB6 switching 
 
In another study, Kim and coworkers reported first fluorescent reversible rotaxane 
based molecular switch. According to pH increase or decrease, pH driven 
experiments were followed and found that fluorescence changes were observed 
according to location of CB6. When pH was decreased the CB6 stays near to 
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chromophore fluorene group and altered the fluorescence emission and color changes 
to yellow. On the other hand increasing pH lead CB6 to stay away from the 
chromophore and no fluorescence emission increase was observed, but color was 
observed to be violet. 38 
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Scheme 1.11- Flourescent product reformation upon switching 
  
1.3.7 Keypoints in Synthesis of CB6 Interlocked Molecules and Examples of 
previously Synthesized CB6 Interlocked Compounds 
Although the synthesis of CB6 was first reported 102 years ago by Behrend,39 the 
investigations on the CB6 compounds are revealing today more than ever. The 
synthesis of interlocked smart molecules is required to use new, well defined, 
symmetric cyclic units like CB6. This situation led many chemists to benefit from 
CB6 and use it for these purposes. 
There are various examples of CB6 interlocked molecules, up to now CB6 
containing polyrotaxanes, rotaxanes pseudorotaxanes and polypseudorotaxanes are 
produced and very well characterized. As mentioned before, the interaction and 
movement of the cyclic unit over the axle gives functional differences that can be 
regulated, with improvements on switching processes. To make this possible, there 
are several important factors. The first one is the strength of the interaction between 
axle and cyclic unit, if the interactions are weak; then the yield will be low.  
1.3.7.1 Sizes of Axle and Cyclic Unit 
Sizes of the axle and cyclic unit are also necessary points for the synthesis of these 
interlocked compounds. Especially in switching experiments, the axle is designed to 
provide different recognition sites. These recognition sites are specific to the cyclic 
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unit. In the case of CB6; to make a stable interlocked compound with two 
recognition sites, the axle may contain protonated amine groups as recognition sites.  
 
1.3.7.2. Solubility Properties 
To perform threading of cyclic unit over axle is only possible when they dissolved in 
aqueous systems. Having the cyclic unit dissolved in aqueous media, lead to new 
design of water soluble axle units. So that especially for studies, containinig CB6 
incorporating interlocked compounds, are generally including water soluble axle 
units. For instance in the work of Tuncel, the use of diamine salts enabled 
monomeric units to dissolve in aqueous media.48    
The nature of the solvent is quite important in the synthesis of interlocked molecules. 
First of all, the solvent for the reaction should not inhibit the threading process and 
should form inclusion compounds with cyclic unit. To test the presence of this 
irregular threading may be characterized with NMR spectroscopy can be used. The 
solvent should be chosen, according to the cyclic unit is soluble in or insoluble. 
Generally aqueous solvents are used for dissolving cyclodextrin or cucurbituril based 
systems.40  
 
1.3.7.3 Stopper Unit Characteristics   
There are various features to be associated with stopper units. Advanced designs for 
the stopper units are carried out for rotaxanation reactions. First of all stopper units 
should make strong covalent interaction with axle, as any dissociation will lead to 
dethreading. Adding that, this covalent interaction may be provided while the axle 
unit is already threaded. In the case of interlocked compounds containing CB6, the 
usage of bulky tert-butyl group containing stopper unit is capable of preventing the 
dethreading, because they are bulky enough to restrict the complete removal of CB6.  
 
1.3.7.4 CB6 Rotaxanes and Pseudorotaxanes 
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In a study by Tuncel46 , the synthesis of [2], [3] and [4]rotaxanes and semirotaxanes 
were accomplished.(Scheme 1.12) This study also contains the catalysis of 1-3 
Dipolar cycloadditon reaction by CB6 in the presence of azide and alkyne units. 1H-
NMR shift of encapsulated triazole proton at 6.5 ppm is described to be the 
indication of formation of rotaxane. 
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Scheme. 1.12- Summary of alkyne and azide starting materials and all [n]rotaxanes, 
[n]semi- and pseudorotaxanes synthesised from them.46 
 
 
Kim’s group has developed a simple way to construct a pseudorotaxane containing 
cucurbituril as a “bead” and spermine as a thread by taking advantage of the strong 
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tendency of cucurbituril to form interlocked complexes with aliphatic diammonium 
ions42. They synthesized pseudorotaxane first, then converted this into a rotaxane by 
attaching 2,6-lutidine which is used as stopper group. 
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Scheme 1.13- Pseudorotaxane and Rotaxane Formation42 
 
1.3.7.5 CB6 Polyrotaxanes and Polypseudorotaxanes  
Tuncel48 et.al. reported a polypseudorotaxane synthesis, that had been carried out by 
post threading polymerization. In this work poly-(iminohexamethylene) is obtained 
by reduction of the polymer Nylon 6/6. As a result a protonated diamine salt with 6 
methylene spacer containing hydrophobic polymer backbone was obtained.(Scheme 
1.14) 
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Scheme 1.14- After threading of the polymer poly-(iminohexamethylene) by 
CB6 (i) BH3, THF, reflux, 66%; (ii) DCl/D2O (20% w/w), 20 and 90 °C.48 
 
 
In the same work, a perfect main chain polyrotaxane synthesis has been shown also. 
The straight forward reaction began with the appropriate diazide and dialkyne 
monomers preparation; they are threaded by CB6 and generate a main chain 
polyrotaxane with high yield. In this case in the middle of the monomers there is a 
trimethylbenzyl group, this group can also be considered as a stopper unit. Again 
here the catalytic ability of CB6 is mentioned and using dialkyne and diazide units 
polyrotaxane formation werecarried out. 
 
In an another study, Ritter has reported that novel side-chain pseudopolyrotaxanes in 
which CB6 beads are threaded on (protonated) diaminobutane pendants attached to a 
main polymer chain. (Scheme 1.15) A unique feature of the pseudopolyrotaxanes is 
that pH driven threading and dethreading processes of the CB6 can be accomplished 
in the solution.38 
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Scheme 1.15- Side-chain pseudopolyrotaxanes38 
 
1.4 Applications of Interlocked Compounds 
The purpose of developing more advanced materials stems from the development of 
new technologies. Increasing demands for materials with defined functions and 
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properties encourage chemists to develop novel methodologies to synthesize them. 
Indeed they all have a common purpose of enhancing the existing materials or 
modifying the existing materials with minimum work. These works lead chemists to 
find and investigate new materials and make them ask how to regenerate the more 
advanced ones. In this respect many efficient techniques were found, and show how 
these techniques are helpful for the future progress. 
Mechanically interlocked molecules such as polypseudorotaxanes, rotaxanes and 
pseudorotaxanes, which are prepared through non-covalent interactions, are getting 
increasing attention due to their tunable properties. Especially encapsulation of a 
polymer with a suitable macrocycle, the solubility, chemical and thermal stability, 
and the luminescent efficiency of the polymers can be altered. Furthermore, stimuli-
responsive polyrotaxanes can be used as smart materials and in drug-delivery 
systems.52 
To date, many elegantly designed rotaxanes and catenanes have been reported. These 
advanced materials in which the presence of cyclic units over the axle making them 
an interesting topic of research. The solubilization of guest molecules, threading of 
already prepared monomers with cyclic units, and polymerization of monomers to 
produce polymers and applying advanced processing techniques on these freshly 
threaded polymers are the common applications. However, there are only a few 
examples of rotaxanes which reassemble linear artificial molecular muscles.55-56 For 
instance, there are only a number CB6-based bistable [2]rotaxanes which behaves as 
molecular switches.57  
 
1.4.1. As Molecular Machines 
Rotaxanes are a class of the interlocked molecules, and they are considered to be 
applicable molecular machines. The dumbell of the molecule has a movable 
macrocycle and this macrocycle movement mimics the rotaxanes to molecular 
machines. These macrocycles can be thought as wheels and these wheels are moving 
in a way that they can rotate around the axis of the dumbbell and axle. It can also 
slide along its axis from one site to another30. Control over the position of the 
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macrocycle allows switching to various locations over the dumbell. Such systems 
have also been considered as molecular muscles.44, 45 
 
 
1.4.2 Flourescent Rotaxanes, Enhancing Emission 
Another recent potential application concerning rotaxanes is synthesis of fluorescent 
rotaxanes, the synthesis of an acetylene dye rotaxane. In the molecular structure, it 
corresponds to a monomer unit of the poly(paraphenyleneethynylene)s (PPEs), 
which are characterized by high fluorescence quantum yield and high oxidation 
potential due to the electron-withdrawing effect of the alkyne unit. The enhanced 
stability of the inner portion of the dumbbell shaped molecule increases the emission 
intensity.46 
 
 
1.4.3 In Nanotechnology  
In another application regarding to nanorecording, a rotaxane synthesis is performed 
to be deposited as a Langmuir-Blodgett film on ITO coated glass. Depending on the 
voltage applied, the cyclic unit switch to a different part of the dumbbell and the 
resulting new conformation makes the molecules stick out from the surface by 0.3 
nanometers and this height difference turns out to be sufficient for a memory dot. It 
is not yet possible to erase such a nanorecording film.47 
 
1.4.4 Viscosity Effects 
Threading cyclic units onto the polymer backbone is directly affecting the solution 
viscosity and melt viscosity. In the previous work of Gibson, it was found that the 
higher the degree of threading, the higher the intrinsic viscosity.27 In another study 
by Kim and his coworkers that support the Gibson’s work is that the CB6 threaded 
polyviolegen polymer backbone has higher viscosity than the parent polviolegen 
polymer32. He introduced this situation as the conformational changes on parent 
 27 
polymer upon threading, and adding that threaded CB6 beads, giving rise to a greater 
hydrodynamic volume and higher intrinsic viscosity.   
  
1.4.5 Thermal Stability Enhancements 
 
Presence of cyclic units is proven to have increased impact on stability of molecules 
those are threaded. Polymers threaded with cyclic units are having higher thermal 
stability than parent polymers and these are characterized by DSC and TGA 
measurements. In Yui’s and coworkers work it is observed that the polyrotaxane they 
had synthesized has better thermal stability than the parent polymer and the cyclic 
unit α-cyclodextrin44. In an another study, Kim has reported that CB6 threaded 
polyviolgen has similarly bettter thermal stability than parent polyviolegen 
polymer.32      
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1.5 Aim of the Thesis 
In this thesis, a series of stimuli responsive (pseudo)rotaxanes and 
polypseudorotaxanes have been synthesized via CB6 catalyzed 1,3-dipolar 
cycloaddition using diazide and dialkyne monomers. 
  
Based on the previous work48, it was found that properly designed monomers are 
crucial for the formation of polypseudorotaxanes and polyrotaxanes. For example, 
when dialkyne and diazide functionalized monomers containing an aliphatic spacer 
such as hexamethylene were used, the corresponding polypseudorotaxane failed to 
form. This was mainly attributed to the slow dissociation rate constant in conjunction 
with the large complexation constant between the CB6 and the 1,6-hexamethylene 
diammonium part of the dialkyne and diazide monomers. Thus, only a minute 
amount of CB6 was available to form a ternary complex between the alkyne and 
azide species, and CB6. However, this step is critical in allowing CB6 to catalyze 
1,3-dipolar cycloadditions which in turn leads to triazole ring formation.  
 
Herein, it is planned to revisit the catalytic self-threading synthesis of 
polypseudorotaxanes and (pseudo)rotaxanes by modifying the structures of 
monomers used in the previous study48 and prove that the choice of spacers in the 
monomer design is indeed crucial. The new monomers contain a long aliphatic 
spacer, namely dodecamethylene and a short aliphatic spacer (propyl) that both have 
lower binding affinity toward CB6 than the azidoethylammonium and 
propargylammonium part of the monomers. After the synthesis of the 
polypseudorotaxanes, we also investigated the pH dependent movement of CB6 over 
the polypseudorotaxane which contains long dodecyl spacer. 
 
Furthermore, using the dialkyne and diazido monomers employed in the synthesis of 
polypseudorotaxanes, a series of pseudorotaxanes and rotaxanes was prepared. It was 
expected that some of them will behave as pH-triggered molecular switches. 
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CHAPTER 2 
 
RESULTS AND DISCUSSION 
 
 
This chapter consists of three main sections. In the first section, the synthesis and the 
characterization of necessary monomers and macrocycle for the synthesis of target 
(pseudo)rotaxanes and polypseudorotaxanes will be described. In the second section, 
the synthesis and characterization of a series of (pseudo)rotaxanes using the 
monomers and macrocycle synthesized in the previous section will be discussed. 
Furthermore, this section will cover the investigation of acid-base switching 
processes of the rotaxane, which contains two recognition sites; one of them is 
dodecyl spacer and the second one is triazole ring. The final section will be about the 
synthesis and characterization of two polypseudorotaxanes, one is with long dodecyl 
spacer and the other one with short propyl spacer. In this section, the pH-triggered 
switching properties of the former polypseudorotaxane will also be investigated by 
1H-NMR spectroscopy. 
 
2.1 Synthesis and Characterization of the Monomers and CB6 
 
Four different monomers were synthesized for the preparation of (pseudo)rotaxanes 
and polyrotaxanes in this thesis. Two of these monomers had dodecamethylene 
spacer group. They had diazide and dialkyne end groups separately (Scheme 2.1). 
 
 
NH2
Mon 1
NH2 NH2
Mon 2
NH2N3 N3
 
Scheme 2.1- Structures of Mon 1 and Mon 2 (Cl- ions were omitted for clarity.) 
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The other group of monomers has a trimethylene spacer group and also has diazide 
and dialkyne end groups similar to Mon 1 and Mon 2. Structures are shown in the 
scheme below (Scheme 2.2). 
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Scheme 2.2- Structures of Mon 3 and Mon 4 
 
 
2.1.1 Synthesis and Characterization of Mon 1 
 
Mon 1 was synthesized by the reaction of 1,12-dibromododecane with excess 
propargylamine in chloroform followed by protonation of the dipropargylic amine 
species using 0.1 M HCl solution in diethyl ether. The resulting hydrochloride salt 
was purified by recrystallization from water to produce Mon 1 in 75% yield. The 
reaction is a nucleophilic substitution reaction in which –Br groups were substituted 
by propargylic amine species. The reaction was carried out at room temperature and 
1,12-dibromododecane was treated with excess propargylamine to prevent 
overalkylation. The reaction scheme for the synthesis of Mon 1 is shown below 
(Scheme 2.3). 
 
 
NH2
Mon 1
NH2BrBr
1,12-dibromododecane
(a)
 
 
Scheme 2.3- (a)Excess propargylamine,in chloroform.25 oC, 72 h; 0.1 M HCl in 
diethylether, 24 h, 25 oC,75% 
 
 
The characterization of the Mon 1 was carried out by 1H-NMR, 13C-NMR, elemental 
analysis and FT-IR spectroscopy. 1H-NMR spectrum (Fig.2.1-a) shows characteristic 
signal of the terminal alkyne proton at around 2.9 ppm. The peaks at 1.3 and 1.6 ppm 
 31 
(Fig.2.1-e,f-d) and 3.05 ppm (Fig.2.1-c) belong to the dodecamethylene spacer. The 
peak at 3.85 ppm (Fig.2.1-b) is due to propargylic protons.  
 
In the FT-IR spectrum analysis of Mon 1, the presence of weak characteristic alkyne 
stretching at around 2100 cm-1 and alkyne C-H stretching at around 3245 cm-1 
confirms the presence of terminal alkyne unit. Presence of strong peaks at around 
2900 cm-1 is due to C-H stretching of alkyl spacer. 
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Fig. 2.1- FT-IR and 1H-NMR Spectrum of Mon 1 
 
 
2.1.2 Synthesis and Characterization of Mon 2 
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To synthesize Mon 2, first chloroethylamine hydrochloride was converted to 
azidoethylamine by a nucleophilic substitution reaction with sodium azide in water. 
Then, 1,12-dibromododecane was N-alkylated by treatment with excess 
azidoethylamine followed by the conversion of the diazidoamine species to its 
hydrochloride salt. Mon 2 was obtained in 80% yield after recrystallization from 
ethanol (Scheme 2.4). 
 
NH2
Mon 2
NH2BrBr
1,12-dibromododecane
N3
N3
(a)
 
 
Scheme 2.4- (a)Excess H2NCH2CH2N3, in chloroform, 25 oC, 72 h; 0.1 M HCl in 
diethylether, 25 oC, 24h, 80% 
 
1H-NMR spectrum of Mon 2 (Fig.2.2-a-b) shows a characteristic peak of proton 
nearer to the azide end groups at around 3.65 and 3.18 ppm. The other peaks at 1.24, 
1.64, and 3.02 ppm (Fig.2.2-e,d,c ) belong to the dodecamethylene spacer in a way 
that each proton nearer to the electron withdrawing N atoms is deshielded.  
 
In the IR spectrum of Mon 2, a strong peak at 2131 cm-1 indicates the presence of 
azide groups in the monomer. 
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Fig. 2.2- FT-IR and 1H-NMR Spectrum of Mon 2 
 
 
2.1.3 Synthesis and Characterization of Mon 3 
 
Mon 3 was also prepared with a nucleophilic substitution reaction of 1,3-
dibromopropane with excess propagylamine. The reaction was carried out at room 
temperature and excess propargylamine acted as both a solvent and a reagent for 
dissolution of the 1,3-dibromododecane. The usage of excess propargylamine 
prevented the overalkylation. After work-up, the product was protonated by 0.1 M 
HCl and obtained as a hydrochloride salt. The resulting hydrochloride salt was 
purified by recrystallization from ethanol to produce Mon 3 in 48% yield (Scheme 
2.5). 
 
NH2
Mon 3
Br Br
1,3-dibromopropane
NH2
 
 
Scheme 2.5- (a)Excess propargylamine,25 oC, 72 h; 0.1 M HCl , 24 h, 25 
oC,48% 
 
 
The characterization of Mon 3 was carried out using both 1H-NMR and FT-IR 
spectroscopy. The 1H-NMR spectrum of Mon 3 (Fig.2.3-a) shows a characteristic 
signal of the proton of alkyne group at around 2.94 ppm. The other signals at 3.15 
and 2.0 ppm (Fig.2.3-c,d) belong to the trimethylene spacer in a way that each proton 
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nearer to the electron withdrawing N atoms is deshielded. The peak at 3.83 ppm 
(Fig.2.3-b) belongs to propargylic protons labeled as b.  
 
In the FT-IR spectrum of the Mon 3, presence of weak stretching at 2100 cm-1 and 
alkyne C-H stretching at around 3250 is indication of terminal alkyne units present in 
the structure of Mon 3.  
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Fig. 2.3- FT-IR and 1H-NMR Specrum of Mon 3 
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2.1.4 Synthesis and Characterization of Mon 4 
 
To synthesize Mon 4, first chloroethylamine hydrochloride was converted to 
azidoethylamine by a nucleophilic substitution reaction with sodium azide in water. 
Then, 1,3-dibromopropane was N-alkylated by treatment with excess 
azidoethylamine followed by the conversion of the diazidoamine species to its 
hydrochloride salt of Mon 4. Mon 4 was obtained in 63% yield after recrystallization 
from methanol.  
 
Br Br
1,3-dibromopropane
NH2
Mon 4
NH2
N3 N3
 
 
Scheme 2.6- (a)Excess propargylamine,25 oC, 72 h; 0.1 M HCl, 24 h, 25 
oC,75% 
 
 
The characterization of Mon 4 was carried out by 1H-NMR and FT-IR spectroscopy. 
The 1H-NMR spectrum of Mon 4 (Fig.2.4-a) shows characteristic peak of proton 
nearer to the azide end groups at around 3.67 ppm. The other peaks at 2.1 and 3.05 
ppm (Fig.2.4-c, d) belong to the trimethylene spacer in a way that each proton nearer 
to the electron withdrawing N atoms of diamine groups is deshielded. The peak at 
3.15 ppm (Fig.2.4-b) belongs to protons labeled as b. 
 
In the FT-IR spectrum of Mon 2, azide stretching peak at around 2100 cm-1 and 
strong aliphatic C-H stretching peak at around 2950cm-1 are present. 
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Fig. 2.4- 1H-NMR Spectrum of Mon 4 
 
 
2.1.5 Synthesis and Characterization of CB6 
CB6 synthesis procedure reported in the paper of Kim49 was used for the preparation 
of CB6. Extra purification techniques like recrystallization and fractional 
precipitation techniques were also developed and carried out throughout the 
synthesis. The scheme below shows a general synthetic route to obtain CB6 (Scheme 
2.7).   
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Scheme 2.7- Excess formaldehyde, 9.0 M H2SO4, 75 oC, 24h, 90-100 oC 
 
 
The 1H-NMR spectrum of CB6 molecule shows 3 important proton signals, Ha, Hb 
and Hc (Fig.2.5). According to 1H-NMR analysis of CB6, the electron withdrawing 
carbonyl group, withdraws electron density from Ha. So Ha becomes deshielded and 
resonates at low magnetic field strengths (at about 5.8 ppm), but being in the field of 
high electron density, Hb is shielded and resonates at higher magnetic field strengths 
(at about 4.4 ppm).  
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    Fig. 2.5- 1H-NMR Spectrum of CB6 
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2.2 Synthesis and Characterization of Rotaxanes and Pseudorotaxanes and 
Molecular switch based on a CB6 containing bistable [3]rotaxane A 
 
Two different sets of rotaxane and pseudorotaxane molecules were synthesized in the 
project. One of these sets contained pseudorotaxane and rotaxane with 
dodecamethylene spacer groups and denoted as [3]pseudorotaxane A and [3]rotaxane 
A. Their structures are shown in the scheme below. (Scheme 2.8)  
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Scheme 2.8- Structures of [3]rotaxane A and [3]pseudorotaxane A. Cl- ions 
were omitted for clarity. 
 
 
The other set contains pseudorotaxane and rotaxane molecules with trimethylene 
spacer group and denoted as [3]pseudorotaxane B and [3]rotaxane B. Their structures 
are also shown in the scheme below (Scheme 2.9). 
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Scheme 2.9- Structures of [3]rotaxane B and [3]pseudorotaxane B 
 
 
2.2.1 Synthesis and Characterization of [3]rotaxane A51 
 
A direct synthetic approach was carried out for the synthesis of [3]rotaxane A. The 
synthesis is based on CB6’s ability to catalyze 1,3 dipolar cycloaddition reactions. 
The tert-butyl stopper unit is synthesized through nucleophic substitution reaction 
with sodium azide and tert-butyl ammonium chloride.  
 
[3]rotaxane A synthesis is shown on scheme 2.10 below. 
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Scheme 2.10-  [3]rotaxane A formation: 1 equiv. Mon 1, 2 equiv tert-
butylazidoethylamine salt, 2 equiv CB6, 6 M HCl, 25 oC, 72 h, 95%(Counter ions 
were omitted for clarity.) 
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The formation of [3]rotaxane A was confirmed first by 1H-NMR spectroscopy.. 
Upon the formation of [3]rotaxane A, a new resonance at 6.5 ppm appears which is a 
diagnostic signal for the proton of a threaded triazole ring (Fig. 2.6-a). In addition, 
the signal of the terminal proton of alkyne proton at 2.9 ppm (Fig 2.1-b) is not 
observed in the 1H-NMR spectrum of [3]rotaxane A; this further indicates the 
formation of a triazole ring. One can also determine the location of CB6 from the 1H-
NMR spectrum of [3]rotaxane A (Fig. 2.6). If the dodecamethylene spacer was 
threaded by CB6, the resonances due to its protons would shift significantly to 
upfield because of the shielding effect of CB6. However, the spectrum clearly shows 
that CB6 is localized on the triazole ring, but not on the dodecamethylene spacer.  
 
 
Fig. 2.6- 1H-NMR Spectrum of [3]rotaxane A  
 
 
2.2.2 Synthesis and Characterization of [3]pseudorotaxane A 
 
[3]pseudorotaxane A synthesis is shown on scheme 2.11 below. 
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Scheme 2.11- [3]pseudorotaxane A formation: 1 equiv. Mon 1, 2 equiv 
azidoethylamine salt, 2 equiv CB6, 6 M HCl, 25 oC, 72 h, 75%(Counter ions were 
omitted for clarity.) 
 
 
1H-NMR spectrum of [3]pseudorotaxane A shows the presence of the shielded 
triazole proton at around 6.5 ppm (Fig 2.7-a). Other than shielded triazole peak, 
aliphatic proton peaks of dodecyspacer before 4.0 ppm and CB6 proton signals at 
4.3, 5.55 and 5.75 ppm also confirm the formation of the [3]pseudorotaxane A (Fig 
2.7).  
 
 
 
Fig. 2.7- 1H-NMR Spectrum of [3]pseudorotaxane A 
 
 
2.2.3 Synthesis and Characterization of [3]rotaxane B 
 
 [3]rotaxane B synthesis is shown on scheme 2.12 below. 
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Scheme 2.12- [3]rotaxane A formation: 1 equiv. Mon 3, 2 equiv tert-
butylazidoethylamine salt, 2 equiv CB6, 6 M HCl, 25 oC, 72 h, 67%(Counter ions 
were omitted for clarity.) 
  
 
1H-NMR characterization of [3]rotaxane B shows the presence of the triazole proton 
at around 6.52 ppm(Fig. 2.8-a). The peaks before 4.0 ppm belong to trimethylene 
spacer, 3 CB6 proton signals at 4.28, 5.55 and 5.75 ppm and singlet signal of tert-
butyl protons at 1.65 ppm also confirm the formation of the [3]rotaxane B (Fig. 2.8).  
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Fig. 2.8- 1H-NMR Spectrum of [3]rotaxane A 
 
 
2.2.4 Synthesis and Characterization of [3]pseudorotaxane B 
 
 [3]pseudorotaxane synthesis is shown on scheme 2.13 below.  
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Scheme 2.13- [3]pseudorotaxane A formation: 1 equiv. Mon 3, 2 equiv 
azidoethylamine salt, 2 equiv CB6, 6 M HCl, 25 oC, 72 h, 75%(Counter ions were 
omitted for clarity.) 
 
 
1H-NMR characterization of the [3]pseudorotaxane B shows the presence of the 
shielded triazole proton at around 6.5 (Fig. 2.9-a). Other than shielded triazole peak, 
aliphatic proton peaks before 4.0 ppm, 3 characteristic CB6 proton signals between 
4.25 and 5.75 ppm is also evidence for the formation of the [3]pseudorotaxane B. 
(Fig. 2.9) 
 
 
 
Fig. 2.9- 1H-NMR Spectrum of [3]pseudorotaxane B 
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2.2.5 Molecular switch based on bistable [3]rotaxane 
 
 [3]rotaxane A prepared by CB6-catalyzed 1,3-dipolar cycloaddition is composed of 
two CB6 units and a dumbbell with two recognition sites, diaminotriazole and 
dodecamethylene, a flexible spacer, which is long enough to accommodate more 
than one CB6. The movement of CB6s which can be triggered by base, acid and 
heat causes a large conformation change of this rotaxane. This has been 
investigated by 'H-NMR spectroscopy.  
 
Other than 1H-NMR spectroscopy; matrix assisted laser desorption/absorption mass 
spectrometry (MALDI-tof-MS) also confirmed the formation of [3]rotaxane A. 
Small peaks at m/z: 1559 and 1637 are due to dumbbell of [3]rotaxane A with one 
CB6 and dumbbell with one CB6 and two potassium ions respectively. The main 
peak at m/z: 2556 Da is corresponding to the molecular ion of [3]rotaxane A.(Fig. 
2.10) 
 
 
 
Fig. 2.10- Positive ion MALDI-tof-MS spectrum of [3]rotaxane in THAP, 
(2,4,6-trihydroxy acetophenone). M= dumbbell. 
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Scheme 2.14 shows possible reversible switching processes of [3]rotaxane A at 
low pH (state I), there is a specific ion-dipole interaction between the rings and 
diaminotriazole. This interaction is between dipole created by carbonyl groups of 
CB6's portals and the -NH2+- ions adjacent to the dodecyl spacer, and to the tert-butyl 
group. Although CB6 cyclic units have a greater affinity towards the 
diaminotriazole unit than towards the diaminododecamethylene site, as the cavity 
of CB6 is hydrophobic, it is possible to force CB6s movement over the hydrophobic 
dodecamethylene spacer of the molecule. This is only available when the ion-dipole 
interaction is disrupted by a base. The stabilization of the resulting complex is by the 
hydrophobic effect and also by H-bonding between the -NH adjacent to the dodecyl 
spacer, and the oxygen of the carbonyl groups (state III). 
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Scheme 2.14- The chemical switching of CB6-based [3]rotaxane A and its 
cycle of contraction and extension in solution (water) (in the drawings, counter ion 
chlorides were omitted for the clarity). 
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As we want to expand our research, the investigation of the acid-base switching of 
CB6s in [3]rotaxane A, the solution of [3]rotaxane A in D2O was treated with 
varying equivalents of base (NaOH) and acid (HCl); appx. 5 min after each addition, 
1H-NMR spectra were recorded. Fig.2.11-a shows before the addition of any base 
or acid to the solution of [3]rotaxane A. The indicative signal at 6.5 ppm due to the 
encapsulated triazole proton shows that it is the state I. 
 
 
 
 
Fig. 2.11 - 1H-NMR (400 MHz, D2O,25 °C) spectra of; before the addition of 
base or acid (a) State I, after the addition of (b) 1 equiv of NaOH, (c) 3 equiv of 
NaOH, (d) 5 equiv of NaOH, (e) after addition of excess HCl and heating the 
solution to 60 °C for 3 min. and cooling to rt. 
 
 
The addition of one equivalent of NaOH to the solution of [3]rotaxane A in D2O 
caused a minute percentage of CB6s to move to the dodecamethylene spacer 
(Fig.2.11-b). This is specified from the very small peak appeared due to 
unencapsulated triazole proton at 8.3 ppm. Since addition of base affected the signals 
of protons of the encapsulated methylene of the dodecyl spacer and the protons of 
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tert-butyl, new signals were also observed around 1.0 ppm. Although spectrum not 
showed here, when 2 equivalents of base were added, significant changes were 
observed in the spectrum, which revealed a signal at 6.5 ppm for the encapsulated 
triazole proton t and three signals for the unencapsulated triazole proton T at 7.9, 8.3 
and 8.4 ppm. They have integral intensity ratios of 100: 15: 54: 16 respectively. 
Presence of more than one switching states of [3]rotaxane A because of the 
movement of CB6 rings caused the indication of three different signals due to 
unencapsulated triazole proton. Moreover, the size of peaks at 0.3 and 0.6 ppm 
corresponding to the encapsulated methylene protons F and E, G increased 
significantly.  
 
The addition of 3 equivalents of NaOH (Fig.2.11-c) caused further increase in the 
intensity of these peaks. While the intensity of the encapsulated triazole proton signal 
diminished, the signal at 7.9 ppm almost faded away, but the intensity of signals at 
8.3 and 8.4 ppm increased. More significantly the intensity of the peak at 1.0 ppm 
due to protons of t-butyl increased, whereas the intensity of the peak at 1.5 ppm 
decreased, thus indicating clearly that CB6s are not in close proximity to the t-butyl 
group and thereby are upfield shifted.  
 
The addition of 5 equivalents of NaOH (Fig.2.11-d) triggered both CB6s to shuttle 
over the dodecyl spacer, even though this state is thought to be less favorable 
because of the steric hindrance. CB6s movement toward each other is considered to 
be less favorable. A strong evidence for formation of state III is clearly indicated and 
confirmed on Spectrum 3d. As the peak corresponding to two free triazole proton 
signals at 8.4 ppm are emerged, whereas the peak of encapsulated triazole peak at 6.5 
ppm almost completely disappeared. Additionally, the signal at 1.5 ppm 
corresponding to tert-butyl protons completely shifted downfield and was observed 
as a singlet at 1.0 ppm. These spectral evidences showed us CB6s cannot be over the 
triazole ring; instead it should be over the dodecamethylene spacer as the peaks of 
spacer protons are shifted to downfield, because of shielding effect of CB6.  
 
The space filling molecular model (Fig.2.12) clearly shows that the dodecamethylene 
spacer is long enough to accommodate two CB6s; the driving force for the 
interaction between the alkyl spacer and the cavity of CB6 is mainly hydrophobic as 
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well as H-bonding between carbonyl oxygens of portals and -NH-adjacent to the 
dodecyl spacer. Furthermore, the interaction between carbonyl oxygens and the 
triazole ring proton, which extends towards to carbonyl portal for an efficient 
interaction, probably also contributes to this stability. The evidence for the latter 
interaction comes from downfield shift of the unencapsulated triazole proton peak 
from 7.9 ppm to 8.4 ppm. 
 
 
Fig. 2.12- Space filling models of [3]rotaxane A in State I and State III. 
 
 
The addition of excess HC1 produced some minor changes (spectrum not shown). 
For example, the signal due to tert-butyl protons shifted to downfield approximately 
0.15 ppm by indicating the protonation of adjacent amine groups. 
 
However, CB6s remained residing on the dodecamethylene spacer. Probably in this 
state (state IV), amines which are adjacent to the dodecamethylene spacer are 
protonated and the interactions are now both hydrophobic and ion-dipole; activation 
energy would be high in order to allow CB6s to shuttle over their initial location. 
However, three minutes heating of the solution to 60 °C and then cooling to room 
temperature facilitated CB6s to shuttle to their thermodynamically more stable state 
 50 
which is the state I. The space filling molecular models (Fig. 2b) show the state I and 
state III of [3]rotaxane A. 
 
 
2.3 Synthesis and Characterization of Polypseudorotaxanes52 
 
Two novel polypseudorotaxanes were synthesized in this project. One of them 
contains a dodecamethylene spacer group and the other one is with trimethylene 
spacer group. Their structures are represented as P1 and P2 and shown in scheme 
2.15 below. 
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Scheme 2.15- Structures of P1 and P2 respectively (Cl ions are omitted for clarity.) 
 
2.3.1 Synthesis and Characterization of P152 
 
The polypseudorotaxane P1 synthesis is shown on scheme 2.16 below.  
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Scheme 2.16-P1 formation: 1 equiv. Mon 1, 1 equiv. Mon 2, 2 equiv. CB6, 6 M HCl, 
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60 oC, 48 h, 80% (counter ions were omitted for clarity). 
 
 
 
Fig. 2.13-  1H NMR (400 MHz, D2O, 25 °C) spectra of (a) Monomer 1, (b) Monomer 
2, (c) Polypseudorotaxane P1 (S: Solvent, HOD). 
 
 
The formation of polypseudorotaxane P1 was first confirmed by 1H-NMR 
spectroscopy. Fig. 2.13 compares the 1H-NMR spectra of the monomers Mon 1 and 
Mon 2, and P1. Upon the formation of P1, a new resonance at 6.5 ppm appears 
which is a diagnostic signal of the proton present in a threaded triazole ring (Fig. 
2.13-c). In addition, the signal of the terminal proton of alkyne at 2.9 ppm is not 
observed in the 1H-NMR spectrum of P1; this further indicates the formation of a 
triazole ring. One can also determine the location of CB6 from the 1H-NMR 
spectrum of P1. If the dodecamethylene spacer was threaded by CB6, the resonances 
due to its protons would shift significantly to upfield because of the shielding effect 
of CB6. However, the spectrum clearly shows that CB6 is localized on the triazole 
ring, but not on the dodecamethylene spacer. 
 
The number-average molecular weight of the polypseudorotaxane can be estimated 
by comparing the integral intensities of the threaded triazole proton (t) to the central 
methylene protons of dodecamethylene spacer (C and D) at 6.5 and 1.5 ppm 
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respectively. Each repeat unit, which has the molecular weight of approximately 
2600 Da, contains two triazole protons (t) and a total of 32 central methylene protons 
(C and D). The ratio of t to C + D should be 1 : 16 for an infinite polymer chain. 
From the integration, the ratio was calculated as 1 : 17 (t/C + D) which corresponds 
to repeat unit of eight. Thus, the number-average molecular weight of the polymer 
corresponds to about 20800 Da.  
 
In the IR spectrum of P1, a very weak signal due to azide stretching at 2200 cm-1 was 
observed, which probably belongs to an azide end group rather than to the unreacted 
monomer. Having very weak signal for the azide stretching also indicates the 
formation of a polypseudorotaxane, because when we mix mechanically one 
equivalent of dialkyne and one equivalent of diazide monomers, and two equivalents 
of CB6 and then record the IR spectrum of this mixture, we observe the azide 
stretching peak with a very strong intensity. 
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Fig.2.14- FT-IR spectrum of P1 
 
Since molecular weight determination of polyelectrolytes like P1 is quite 
troublesome, we were not able to determine the molecular weight of the 
polypseudorotaxane with techniques other than the matrix assisted laser desorption 
time-of-flight mass spectrometry (MALDI-TOF MS). MALDI-TOF MS verifies the 
formation of P1. The positive ion MALDI-MS spectrum of polypseudorotaxane was 
 53 
recorded using 3-indoleacrylic acid as a matrix. Peak groups were observed repeating 
by approximately 2600 Da mass unit intervals. Beside the potassium adducts of 
dimer, tetramer, hexamer, octamer, decamer and dodecamer other unidentified peaks 
were detected. Maximum mass was observed around 15600 Da which corresponds to 
about six repeating units, that is basically 12 CB6s threaded triazoles. 
 
 
Fig. 2.15- Positive ion MALDI-MS spectrum of P1 in indole acrylic acid matrix. 
Inset shows expanded region between 6500 and 20000 Da mass ranges (Potassium 
(K) adducts of D: dimer, T: detramer, H: hexamer, O: octamer, DE: decamer, DO: 
dodecamer). 
 
 
In MALDI MS spectrum of P1, we would not expect to observe the molecular ions 
lower than 5000 Da because the polymer was purified by dialysis using a membrane 
with a nominal molecular weight cut-off of 5 kDa for a prolonged time. 
Nevertheless, low molecular weight ions with high intensity in MALDI MS spectrum 
were detected. One can speculate that the dialysis may cause the dethreading of CB6 
macrocycles from the polymer and consequently leave behind a low molecular 
weight polymer. This possibility can be ruled out because the 1H-NMR spectrum of 
the dialyzed polypseudorotaxane P1 does not reveal the presence of chemical shifts 
due to unencapsulated triazole protons. Moreover, the ratio of threaded triazole 
proton to central methylene protons of dodecamethylene spacer even increased after 
the dialysis. Thus, having intense peaks for low molecular weight ions can be 
attributed to the fact that MALDI MS does not provide quantitative information on 
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the molecular weight distribution for polyelectrolytes because the polymer chains 
with low molecular weight are transferred to gas phase more easily. Low mass 
signals might arise from fragmentation of the polypseudorotaxane under laser energy 
or due to dethreading CB6s from P1 because unidentified signals were detected in 
the spectrum. Another explanation for the low mass signals can be the presence of 
multi-charged species. However, we do not have direct evidences for these 
possibilities. 
 
2.3.2 Synthesis and Characterization of P2 
 
After successful polymerization of Mon 1 and Mon 2 in the presence of CB6 through 
1,3-dipolar cycloaddition reaction, we attempted to obtain a similar 
polypseudorotaxane with the same procedure using monomers Mon 3 and Mon 4. 
We carried out the synthesis with exact stoichiometric ratios, and obtain P2 as a 
filmy product after workup white crystals of P2 were obtained. The synthetic route 
below again shows similar kind of work done in synthesis of P1. 
 
 
CB6
NN
N N
NN
NH2NH2
NH2
N3
n
N
H2
N
H2
ab
c
d
e
NN
NN
O
BrBr
N
H2
N
H2
N
H2
N
H2
N3N3
Mon 3 Mon 4
2
N
H2
N3
O
 
 
Scheme 2.17- P2 formation: 1 equiv. Mon 3, 1 equiv. Mon 4, 2 equiv. CB6, 6 M 
HCl, 60 oC, 48 h, 60%(Counter ions were omitted for clarity.) 
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After diazide and dialkyne monomers with 3 aliphatic spacer units were purely 
synthesized in pure form, they were polymerized using CB6. It catalyzed 1, 3-
Dipolar cycloaddition reaction; the product of this reaction was tested with IR and 
1H-NMR spectra. In order to obtain a better view about the structure 1H-NMR 
spectrum of P2 was recorded. (Fig 2.15)  
 
 
Fig. 2.16- 1H-NMR Spectrum of P2 
 
 
The peak at 6.5 ppm (Fig. 2.15-a) is a characteristic peak of the triazole proton. 
Normally the only hydrogen of the triazole ring gives a peak at 8.5 ppm but when 
CB6 is on this ring this peak is shielded to 6.5 ppm. This is also considered to be the 
indication of encapsulation of triazole ring by CB6. So it is clear that CB6 perfectly 
catalyzed the 1,3-dipolar cycloadditon. When analyzes of the 1H-NMR is continued 
the peaks at 5.7 and 5.5 ppm are due to CB6 protons. The peak at 4.3 ppm is due to 
another proton of the cucurbituril. (Fig 2.15) In the spectrum there are small, broad 
and overlapped peaks below 4.0 ppm. These peaks could not be assigned any of the 
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protons, but it is obvious that the peaks between 3.0 ppm and 2.5 ppm are due to the 
monomeric protons of P2. 
 
In the IR spectrum of P2, the broad peak at 3401 cm-1 is due to N-H bonds, the very 
sharp peak at 1736 cm-1 is due to C=O bond which should have been from 
cucurbituril. At 2900 cm-1to 3200 cm-1 there are some small and broad overlapping 
peaks correspond to aliphatic and aromatic carbon-hydrogen stretching. 
 
 
Fig. 2.17- FT-IR Spectrum of P2 
 
2.3.3 Polymeric Switch based on pH-Responsive P1  
 
We attempted to dethread CB6 from polypseudorotaxane P1 to obtain the 
polytriazole. In order to do this, the ion–dipole interactions between the diammonium 
ions and carbonyl groups of CB6 must first be disrupted by deprotonation of the 
ammonium ions with a base. 
 
To perform the dethreading experiment, P1 was dissolved in water and 0.1M 
aqueous solution of NaOH was added to this solution. Instantly a white gel formed; it 
was isolated by centrifugation and washed with water several times and then with 0.2 
M aqueous solution of NaCl to remove CB6, in case any was left. The wash solution 
was evaporated to dryness and the IR spectrum of the residue was recorded, 
however, no CB6 was detected.  
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The isolated solid was found to be insoluble in any common organic solvent. 
However, when it was treated with 0.1M HCl solution, it became soluble. 
Interestingly, it was found that the 1H-NMR spectrum of this solid (in D2O–HCl) and 
its IR spectrum are similar to the spectrum of polypseudorotaxane P1. This result 
suggests that once the ion–dipole interaction between the ammonium ions and the 
carbonyl groups of CB6 is disrupted at an appropriate pH, CB6 shuttles to the more 
hydrophobic part, the dodecamethylene spacer, rather than dethreading from the 
polypseudorotaxane. Upon protonation of the nitrogens, it moves back on the triazole 
ring, where via ion–dipole interaction it forms stronger complexes with each of the 
two positively charged nitrogen atoms on the amines. 
 
To reveal the details of the pH-driven movement of CB6 in P1, we followed the 
acid–base switching by 1H-NMR spectroscopy; the spectra of P1 in D2O were 
recorded at varying pHs using NaOH and HCl (Fig. 2.16). They were recorded in 
each case about five minutes later addition of base or acid to the solution of 
polypseudorotaxane. 
 
Up to pH 9, no significant spectral changes were observed. As shown in Fig. 2.16-b, 
at pH 9, the intensity of the resonance due to the encapsulated triazole proton at 6.5 
ppm decreases, whereas three weak signals at around 8 ppm due to unencapsulated 
triazole ring proton emerge. The appearance of three different signals due to 
unencapsulated triazole proton indicates that they are in different chemical 
environments. Furthermore, a new signal at 2.5 ppm appears; this signal can be 
assigned to protons b by assuming that they are adjacent to the carbonyl groups of 
CB6 and as a result, shifted downfield. All these spectral changes can be ascribed to 
the partial movement of CB6 rings from the triazole site to the dodecamethylene 
spacer that driven by the partial deprotonation of ammonium ions at pH 9.  
 
The CB6 rings are probably quite mobile and moving back and forth over the long 
dodecamethylene spacer. As a result, averaged signals due to the protons of central 
methylene groups of dodecamethylene spacer are observed in the 1H-NMR spectrum. 
At pH 9, from the integration of resonances due to threaded triazole proton and CB6 
protons, it is estimated that approximately 50% of CB6s are located on the triazole 
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part and the rest on the dodecamethylene spacer, whereas at pH 10 (Fig. 2.16-c), 
approximately 20% of CB6 reside on the triazole part and the rest on the 
dodecamethylene part. At pH 11, the 1H-NMR spectrum reveals that almost 95% of 
CB6s reside on the dodecamethylene spacer. Increasing the pH of the solution 
beyond 11 causes immediate precipitation.  
 
However, the addition of HCl causes the dissolution of the precipitate in a few 
minutes. 1H-NMR spectrum is recorded about five minutes later the addition of HCl 
(pH at around 5) to the precipitate. The spectrum reveals that most of the CB6s 
shuttle back to their initial location, which is the triazole site. The signal due to 
encapsulated proton at 6.5 ppm reappears and the signal at 2.5 ppm almost 
disappears. 
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Fig 2.18- 1H-NMR (400 MHz, D2O, 25 °C) spectra of 4 at varying pHs, (a) pH 5, (b) 
pH 9, (c) pH 10, (d) pH 11 (e) After addition of HCl, pH ~5 (S: solvent, HOD). 
 
 
 
2.3.4 Synthesis and Characterization of Polytriazole  
 
To obtain polytriazole from click reaction, first Cu(I) is formed after a redox reaction 
between copper sulfate and sodium ascorbate. Then freshly formed Cu(I) catalyzed 
the click reaction between Mon 1(alkyne) and Mon 2(azide)(Scheme 2.18) in water. 
The hydrochloride salt, polytriazole, precipitated in a few minutes. 
 
After obtaining polytriazole, we focused on the characterization of the polytriazole. 
Some small particles of the polytriazole is soluble in water at near boiling 
temperature. But probably, these soluble particles were oligomers of the polytriazole.  
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Scheme. 2.18- Polytriazole formation: 1 equiv. Mon 1, 1 equiv. Mon 2, 5% 
molar equiv. CuSO4, 10% molar equiv. sodium ascorbate, 48 h (Counter ions were 
omitted for clarity.) 
 
 
From the water soluble part of the polytriazole, we managed to get 1H-NMR 
spectrum and observed that there is an unencapsulated free triazole proton signal at 
around 8.2 ppm. This signal indicates that we managed to synthesize triazole from 
click chemistry also (Fig 2.17). 
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Fig. 2.19- Polytriazole 1H-NMR from the D2O soluble part and its FT-IR spectrum 
 
 
Solubility problem in the case of polytriazole can be understood from a possible 
explanation about generation of strong intermolecular forces and formation of a 
network like structure shown in the figure 2.18.  
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Fig. 2.20- Polytriazole network 
 
 
Also it is clear from the figure presence of hydrophobic interactions; hydrogen 
bonding interactions and pi-pi interactions from the triazole rings creates an 
impenetrable network.  
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CHAPTER 3 
 
CONCLUSION 
 
 
In this study, a series of mechanically interlocked molecules like 
pseudopolyrotaxanes, rotaxanes and pseudorotaxanes have been synthesized via CB6 
catalyzed 1,3-dipolar cycloaddition using diazide and dialkyne monomers, which 
contain long dodecyl and short propyl aliphatic spacers.  
 
To synthesize novel rotaxanes and polypseudorotaxanes from the catalytic self 
threading process, first diazide and dialkyne monomers with both dodecamethylene 
spacer and trimethylene spacer group monomers were synthesized. They were used 
as building blocks for the rotaxanation processes. The rotaxanation process is carried 
out using CB6 ability to catalyze 1,3 dipolar cycloaddition reaction. High yield and 
purity obtained in the monomer preparation procedures enabled us to get better 
results throughout this work. 
 
In the next part, two different polypseudorotaxanes were synthesized, by using 
monomers that contains long and short aliphatic spacer groups. Main chain 
polypseudorotaxanes were prepared in high yields and with high molecular weights 
up to 15600 Da.  
 
In this part, the synthesis and characterization of a novel pH-responsive CB6-based 
polypseudorotaxane prepared via 1,3-dipolar cycloaddition reaction is also given. 
The results confirmed the critical role of spacers employed in the monomers for 
catalytic self-threading synthesis of polypseudorotaxanes. The experimental results 
reveal that the polypseudorotaxane (P1) behaves as a pH-driven polymeric switch. 
Thus, once the ion– dipole interaction between the ammonium ions and the carbonyl 
groups of CB6 is disrupted at an appropriate pH, CB6 shuttles to the hydrophobic 
part of the polymer, the dodecamethylene spacer, rather than dethreading from the 
polypseudorotaxane. Hence, it forms a relatively stable complex with the 
 63 
dodecamethylene spacer via hydrophobic interaction. However, upon protonation of 
the amine groups, it moves back on the triazole ring, where via ion–dipole interaction 
it forms stronger complexes with each of the two positively charged nitrogen atoms 
on the amines. 
 
Rotaxanes and pseudorotaxanes were synthesized and fully characterized in the last 
part of the thesis. A straightforward and high-yield preparation of a bistable 
[3]rotaxane A via CB6-catalyzed 1,3-dipolar cycloaddition reaction is also reported. 
It is demonstrated that this rotaxane behaves as a molecular switch by exhibiting 
conformational changes via the movement of rings in response to the stimulation of 
base, acid and heat. This simply-designed molecule has great potential for use as a 
molecular device in nanotechnological applications. 
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CHAPTER 4 
 
 
EXPERIMENTAL SECTION 
 
 
CB649, azide 148 and azide 250 were prepared according to literature. All other 
reagents and solvents were of the commercial reagent grade and used without further 
purification except where noted. Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker Avance DPX-400 MHz spectrometer. In all cases, samples 
were dissolved in D2O with DSS (3-(trimethylsilyl)-1- propanesulfonic acid sodium 
salt) as an external standard.  
 
H2
N
N3
Cl
(2-Azido-ethyl)-tert-butyl-ammonium; chloride (1)
 
H3N
N3
Cl
2-Azido-ethyl-ammonium; chloride (2)
 
 
Mass spectra were acquired on a Voyager-DETM PRO MALDI-TOF mass 
spectrometer (Applied Biosystems, USA) equipped with a nitrogen UV-Laser (λ = 
337 nm) at 10-7 Torr and delayed extraction mode (delay 300 ns) by changing the 
laser intensity, if necessary. All spectra were acquired in reflector mode using 20 kV 
acceleration potential and they were the average of 200 laser shots. Then, data were 
transferred to a personal computer for further processing. 3-Indoleacrylic acid (IAA) 
(Fluka, Switzerland) was chosen as the best MALDI matrix and prepared in MeOH 
at a concentration of 20 mg mL-1. MALDI samples were prepared by mixing the 
sample solution with the IAA matrix solution (1 : 10 v/v) in a 0.5 mL Eppendorf ® 
micro tube. Finally 0.1 µL of these mixtures were deposited on the sample plate, 
dried in room temperature and then analyzed. 
 65 
 
Dialysis was carried out in an Amicon 8200 ultrafiltration stirred cell (200 mL) and 
polysulfone membranes (NMWCO 5 kDa). Approximately 2 L water was eluted 
through the ultrafiltration cell under 4.5 bar nitrogen pressure. 
 
 
4.1 Synthesis of N,N’-di-prop-2-ynyldodecane-1,12-diamine dihydrochloride 
(Mon 1) 
 
A solution of 1,12-dibromododecane (0.93 g, 2.8 mmol) in CHCl3 (5 mL) was added 
dropwise to excess propargylamine (1.56 g, 28.4 mmol) at room temperature. The 
resulting solution was stirred at room temperature for 48 h. 0.1M Aqueous NaOH (5 
mL) was added to reaction mixture and the mixture was stirred for 1h at room 
temperature. The organic layer was separated by extraction and washed with 
saturated solution of NaCl. After drying the organic layer over CaCl2, the solvent 
was removed under reduced pressure. A light yellow solid residue was obtained. It 
was dissolved in diethylether (5 mL) and the solution was cooled to 0 oC in an ice-
bath. 0.1 M HCl in diethyl ether (5 ml) was added dropwise. The resulting mixture 
was stirred at room temperature for 4 h. A beige precipitate was collected and 
recrystallized from water to obtain off-white solid. 
 
Yield: 0.75 g, (75%). M.p.: 218–219 oC 
Elemental Analysis for C18H34Cl2N2 
Calc.: C, 61.88; H, 9.81; Cl, 20.29; N, 8.02; Found: C, 61.69;H, 9.35; N, 7.90 
IR (KBr disk, cm-1): 3480 (w), 3385 (m), 3135 (m), 2452 (m), 2200 (w). 
 
N
H2
Mon 1
H2
N
a
b
c
d
e
f
 
 
1H-NMR (400 MHz, D2O): δ 1.32 (m, 16H, e,f), δ 1.63 (m, 4H, d), δ 2.94 (t, 2H, 
4JHH 2.2 Hz, a), δ 3.11 (t, 4H, 3JHH 7.8 Hz, c), δ 3.93 (d, 4H, 4JHH 2.2 Hz, b). 
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13C-NMR (100 MHz, D2O): d 25.3 (i), 25.6 (h), 28.2 (g), 28.4 (f), 28.6 (e), 36.2 (c), 
46.8 (d), 73.2 (b), 77.9 (a). 
 
 
4.2 Synthesis of N,N’-bis(2-azido-ethyl)dodecane-1,12-diamine dihydrochoride 
(Mon 2) 
 
A solution of 1,12-dibromododecane (0.86 g, 2.6 mmol) in CHCl3 (5 mL) was added 
dropwise to freshly prepared azidoethylamine (2.25 g, 26.2 mmol) at room 
temperature. The resulting solution was stirred at room temperature for 48 h. 1M 
aqueous NaOH (5 mL) was added to reaction mixture and the mixture was stirred for 
1 h at room temperature. The organic layer was separated by extraction and washed 
with saturated NaCl. After drying the organic layer over CaCl2, the solvent was 
removed under reduced pressure. A light yellow solid residue was obtained. It was 
dissolved in diethylether (5 mL) and the solution was cooled to 0 oC in an ice-bath. 
0.1 M HCl solution in diethylether (5 mL) was added dropwise. The resulting 
mixture was stirred at room temperature for 4 h. The solvent was removed under 
reduced pressure and off-white solid residue was recystallized from ethanol. 
 
Yield: 0.89 g, (80%). M.p.: > 208 oC (decomposed) 
Elemental Analysis for C16H36Cl2N8 
Calc.: C, 46.71; H, 8.82; N, 27.24; Found: C, 46.75; H, 9.05;N, 26.99 
IR (KBr, pellet, cm-1): 3480 (w), 3385 (m), 3135 (m), 2452 (m), 2131 (vs). 
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1H-NMR (400 MHz, D2O): d 1.24 (m, 16H, e), 1.64 (m, 4H, d), 3.02 (t, 4H, 3JHH 7.1 
Hz, c), 3.18 (t, 4H, 3JHH 5.4 Hz, a), 3.75 (t, 4H, 3JHH 5.4 Hz, b). 
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13C-NMR (100 MHz, D2O): d 25.4 (h), 25.7 (g), 28.1 (f), 28.5 (e), 28.7 (d), 46.1 (c), 
46.9 (b), 47.8 (a). 
 
 
4.3 Synthesis of Synthesis of N,N’-di-prop-2-ynylpropane-1,3-diamine 
dihydrochloride (Mon 3) 
 
1,3-dibromododecane (0.73 g, 3.6 mmol) was added dropwise to excess 
propargylamine (2.00 g, 36.3 mmol) at room temperature. The resulting solution was 
stirred at room temperature for 48 h. 0.1 M Aqueous NaOH (5 mL) was added to 
reaction mixture and the mixture was stirred for 1h at room temperature. The organic 
layer was separated by extraction and washed with saturated solution of NaCl. After 
drying the organic layer over CaCl2, the solvent was removed under reduced 
pressure. A light yellow solid residue was obtained. It was dissolved in diethylether 
(5 mL) and the solution was cooled to 0 oC in an ice-bath. 0.1 M HCl in diethyl ether 
(5 ml) was added dropwise. The resulting mixture was stirred at room temperature 
for 4 h. A beige precipitate was collected and recrystallized from ethanol to obtain 
off-white solid. 
Yield: 0.205mg. (48%) 
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Mon 3 
 
IR (KBr, Pellet, cm-1): 3450 (m), 3330 (w), 2135 (w)   
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1H-NMR (400 MHz, D2O): δ 2.05 (m, 2H, d), 2.90 (d, 2H, a), 3,25 (t, 4H, c), 3,75 (s, 
4H, b) 
 
 
4.4 Synthesis of N,N’-bis(2-azido-ethyl)propane-1,3-diamine dihydrochoride 
(Mon 4) 
 
A solution of 1,3-dibromododecane (0.53 g, 2.6 mmol) in CHCl3 (5 mL) was added 
dropwise to freshly prepared azidoethylamine (2.25 g, 26.2 mmol) at room 
temperature. The resulting solution was stirred at room temperature for 48 h. 1M 
aqueous NaOH (5 mL) was added to reaction mixture and the mixture was stirred for 
1 h at room temperature. The organic layer was separated by extraction and washed 
with saturated NaCl. After drying the organic layer over CaCl2, the solvent was 
removed under reduced pressure. A light yellow solid residue was obtained. It was 
dissolved in diethylether (5 mL) and the solution was cooled to 0 oC in an ice-bath. 
0.1 M HCl solution in diethylether (5 mL) was added dropwise. The resulting 
mixture was stirred at room temperature for 4 h. The solvent was removed under 
reduced pressure and off-white solid residue was recystallized from ethanol. 
Yield: 0.489 g (62%).  
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Mon 4 
 
IR (KBr, Pellet, cm-1): 3408(s), 2985(m), 2108(s), 1584(m)  
1H-NMR (400 MHz, D2O): δ 2.05 (m, 2H, d), 3.16 (t, 2H, c), 3,25 (t, 4H, b), 3,72 (t, 
4H, a) 
 
 
4.5 Synthesis of Polypseudorotaxane (P1) 
 
CB6 (400 mg, 0.400 mmol) was dissolved in 6 M HCl (5 mL) and the resulting 
solution was stirred for 30 min. Mon 1 (69.88 mg, 0.200 mmol) and subsequently 
Mon 2 (85.26 mg, 0.200 mmol) were added under vigorous stirring at room 
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temperature. The resulting solution was stirred at 60 µC for 48 h. The solvent was 
removed under reduced pressure to obtain a colorless film, which was redissolved in 
water and purified by ultrafiltration using a membrane (polyethersulfone) with a 
nominal weight cut-off of 5 kDa. Removal of solvent gave P1 as a colorless glassy 
film. 
Yield: 440 mg, (80%). 
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Elemental Analysis for C176H248Cl8N92O36.25 H2O 
Calc.: C, 42.58; H, 6.06; N, 25.97; Found: C, 42.84; H, 6.23; N, 25.98 
IR (KBr, pellet, cm21): 3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 (vs). 
1H NMR (400 MHz, D2O): d 1.22–1.35 (m, 16H, C + D), 1.83–2.05 (m, 4H, B), 3.2 
(m, 4H, A), 3.62 (m, 2H, E), 4.11 (m, 2H, F), 4.15 (F + G, 3H, overlapped with 
CB6), 4.16 (d, 12H, 2JHH = 15.6 Hz, CB6), 5.45 (s, 12H, CB6), 5.94 (dd, 12H, 
2JHH = 15.6 Hz, CB6), 6.52 (s, 1H, t). 
13C NMR (100 MHz, D2O): d 25.7, 26.1, 28.3, 28.4, 28.5, 28.7, 42.0, 45.4, 46.1, 
48.3, 49.1, 51.3 (CB6), 51.5 (CB6), 70.2 (CB6), 120.1 (triazole, = CH), 139.0 
(triazole, = CR), 156.2 (CB6), 156.6 (CB6). 
 
 
4.6 Synthesis of Polypseudorotaxane (P2) 
 
CB6 (1.00 g, 1.00 mmol) was dissolved in 6 N HCl (3 ml), subsequently Mon 4 
(143mg, 0.500 mmol) and Mon 3 (111 mg, 0.500 mmol) were added to the solution. 
The resulting solution was stirred at 60 C0 for 3 days. Solvent was removed under 
reduced pressure to obtain a colorless film. Product dissolved in water and purified 
through precipitation over acetone and white precipitates collected through filtration. 
Yield: 0.930 g (75 %) 
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IR (KBr, pellet, cm21): 3431 (m), 2930 (w), 1736 (vs), 1470 (vs). 
1H-NMR (400 MHz, D2O): δ2.35 (m, 8H,d),  δ 3.35 (s, 8H, c), δ 4.22 (s, 12H, b,f), δ 
4.15 (d, 12H, 2JHH = 15.6 Hz, CB6), δ 5.42 (s, 12H, CB6), δ 5.94 (d, 12H, 2JHH = 
15.6 Hz, CB6), δ 6.55 (s, 2H, a) 
 
 
4.7 Synthesis of [3]rotaxane B 
 
CB6 (200 mg, 0.200 mmol) was dissolved in 6 M HCl (3 mL) and the resulting 
solution was stirred for 30 min. Mon 3 (22.3 mg, 0.100 mmol) and subsequently 
azide 150 (35.1 mg, 0.200 mmol) were added under vigorous stirring at room 
temperature. The resulting solution was stirred at 25 °C for 48 h. The solvent was 
removed under reduced pressure to obtain a colorless film, which was redissolved in 
water (3 mL) and precipitated into acetone (50 ml). White precipitate was collected 
by filtration and redissolved in water; the solution was filtered through 0.45 µm 
membrane filtrate. Crystallization was carried out by diffusing acetone vapor into the 
filtrate. The crystals were collected by filtration and dried in a vacuum oven at rt for 
12 h. 
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Yield: 130 mg (54%) 
Elemental Analysis for C102H136Cl4N58O24.22 H2O 
Calc.: C, 39.80; H, 6.06; N, 25.86; Found: C, 39.55; H, 5.86; N, 26.24. 
IR (KBr, pellet, cm-1): 3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 (vs). 
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1H NMR (400 MHz, D2O): δ 1.65 (s, 9H, t-butyl), 2.92 (m, 1H, e), 3.83 (m, 4H, a + 
d), 3.13 (t, 2H, 3JHH = 6.3 Hz, b), 4.25 (s, 2H, c overlapped with CB6), 4.22 (dd,12H, 
2JHH = 15.6 Hz, CB6), 5.56 (s, 12H, CB6), 5.76 (dd, 12H, 2JHH = 15.6 Hz, CB6), 6.58 
(s, 1H, t). 
13C NMR (100 MHz, D2O): δ 25.3, 40.8, 42.5, 46.5, 47.5, 51.3 (CB6), 51.5 (CB6), 
58.6, 70.2 (CB6), 123.6 (triazole, = CH), 140.0 (triazole, = CR), 156.4 
(CB6), 156.5 (CB6). 
 
4.8 Synthesis of [3]pseudorotaxane B 
 
CB6 (200 mg, 0.200 mmol) was dissolved in 6 M HCl (3 mL) and the resulting 
solution was stirred for 30 min. Mon 3 (22.3 mg, 0.100 mmol) and subsequently 
azide 250 (24.5 mg, 0.200 mmol) were added under vigorous stirring at room 
temperature. The resulting solution was stirred at 25 °C for 48 h. The solvent was 
removed under reduced pressure to obtain a colorless film, which was redissolved in 
water (3 mL) and precipitated into acetone (50 ml). White precipitate was collected 
by filtration and redissolved in water; the solution was filtered through 0.45 µm 
membrane filtrate. Crystallization was carried out by diffusing acetone vapor into the 
filtrate. The crystals were collected by filtration and dried in a vacuum oven at rt for 
12 h. 
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175 mg (73%) 
Elemental Analysis for C85H102Cl4N58O24.19 H2O 
Calc.: C, 36.39; H, 5.03; N, 28.98; Found: C, 39.72; H, 5.40; N, 28.44. 
IR (KBr, pellet, cm-1): 3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 (vs). 
1H NMR (400 MHz, D2O): δ 2.93 (m, 1H, e), 3.58 (t, 2H,3JHH = 8.1 Hz, a), 3.87 (t, 
2H, 3JHH = 6.3 Hz, d), 4.14 (t, 2H, b), 4.15 (s, 2H, c overlapped with CB6), 4.22 
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(dd,12H, 2JHH = 15.6 Hz, CB6), 5.45 (s, 12H, CB6), 5.75 (dd, 12H, 2JHH = 15.6 Hz, 
CB6), 6.5 (s, 1H, t). 
13C NMR (100 MHz, D2O): δ 38.4, 43.5, 46.5, 47.5, 51.3 (CB6), 51.5 (CB6), 58.6, 
70.2 (CB6), 121.6 (triazole, = CH), 139.0 (triazole, = CR), 156.2 (CB6), 156.4 
(CB6). 
 
 
4.9 Synthesis of [3]pseudorotaxane A 
 
CB6 (200 mg, 0.200 mmol) was dissolved in 6 M HCl (3 mL) and the resulting 
solution was stirred for 30 min. Mon 1 ( 35 mg, 0.100 mmol) and subsequently azide 
250 (24.5 mg, 0.200 mmol) were added under vigorous stirring at room temperature. 
The resulting solution was stirred at 25 °C for 48 h. The solvent was removed under 
reduced pressure to obtain a colorless film, which was redissolved in water (3 mL) 
and precipitated into acetone (50 ml). White precipitate was collected by filtration 
and redissolved in water; the solution was filtered through 0.45 µm membrane 
filtrate. Crystallization was carried out by diffusing acetone vapor into the filtrate. 
The crystals were collected by filtration and dried in a vacuum oven at rt for 12 h. 
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Yield: 185 mg (72%) 
Elemental Analysis for C94H120Cl4N58O24. (16.5 H2O) 
Calc.: C, 39.11; H, 5.35; N, 28.16; Found: C, 39.23; H, 5.10; N, 27.98. 
IR (KBr, pellet, cm-1): 3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 (vs). 
1H NMR (400 MHz, D2O): δ 1.35–1.45 (m, 6H, g + h), 1.68 (m, 2H, f), 2.16 (m, 2H, 
e), 3.37 (t, 2H,3JHH = 8.1 Hz, d), 3.63 (t, 2H, 3JHH = 6.3 Hz, a), 4.18 (t, 2H, b), 4.23 
(s, 2H, c overlapped with CB6), 4.25 (d,12H, 2JHH = 15.6 Hz, CB6), 5.45 (s, 12H, 
CB6), 5.75 (dd, 12H, 2JHH = 15.6 Hz, CB6), 6.5 (s, 1H, t). 
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13C NMR (100 MHz, D2O): δ 25.2, 25.5, 28.3, 28.7, 38.2, 41.8, 47.2, 49.1, 51.2 
(CB6), 51.5 (CB6), 70.2 (CB6), 120.6 (triazole, = CH), 139.0 (triazole, = CR), 156.2 
(CB6), 156.6 (CB6). 
 
 
4.10 Synthesis of [3]rotaxane A 
 
CB6 (342 mg, 0.342 mmol) was dissolved in 6 M HCl (5 mL) and the resulting 
solution was stirred for 30 min. Mon 1 (60 mg, 0.171 mmol) and subsequently azide 
150 (60 mg, 0.342 mmol) were added under vigorous stirring at room temperature. 
The resulting solution was stirred at 25 °C for 48 h. The solvent was removed under 
reduced pressure to obtain a colorless film, which was redissolved in water (5 mL) 
and precipitated into acetone (50 ml). White precipitate was collected by filtration 
and redissolved in water; the solution was filtered through 0.45 µm membrane 
filtrate. Crystallization was carried out by diffusing acetone vapor into the filtrate. 
The crystals were collected by filtration and dried in a vacuum oven at rt for 12 h. 
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Yield: 430 g (95%)   
M.p.: > 300 °C. 
Elemental Analysis for C102H136Cl4N58O24.22 H2O 
Calc.: C, 39.80; H, 6.06; N, 25.86; Found: C, 39.55; H, 5.86; N, 26.24. 
IR (KBr, pellet, cm-1): 3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 (vs). 
1H-NMR (400 MHz, D2O): δ 1.33–1.54 (m, 8H, f + g), δ 1.65 (s, 9H, t-butyl), δ 2.1 
(m, 2H, e), δ 3.35 (t, 2H,3JHH = 8.1 Hz, d), δ 3.81 (t, 2H, 3JHH = 6.3 Hz, h), δ 4.14 (s, 
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2H, c), δ 4.15 (t, 2H, b overlapped with CB6), δ 4.23 (d,12H, 2JHH = 15.63 Hz, CB6), 
δ 5.45 (s, 12H, CB6), δ 5.94 (dd, 12H, 2JHH = 15.6 Hz, CB6), δ 6.53 (s, 1H, a).  
13C-NMR (100 MHz, D2O): δ 25.2, 25.5, 28.7, 39.9, 41.8, 47.6, 49.1, 51.3 (CB6), 
51.5(CB6), 56.4, 58.6, 70.2 (CB6), 120.6 (triazole, = CH), 139.0 (triazole, = CR), 
156.2 (CB6), 156.6 (CB6). 
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